A specialized near infrared spectrophotometry instrument for noninvasive, continuous monitoring of the hemodynamic events of erection in the human penis has been developed. Its potential application for the diagnostic evaluation of erectile dysfunction was investigated. Thirty-eight patients and 18 volunteer subjects underwent penile near infrared spectrophotometry using an optical sensor probe with wavelength selectivity for hemoglobin absorption spectra. Penile blood volume changes and their time courses were measured following intracavernous pharmacostimulation in patients and visual sexual stimulation in volunteers. Spectrophotometric results were compared with results obtained simultaneously using color duplex ultrasonography, strain gauge penile circumference monitoring, penile tonometry, and clinical assessments. Spectrophotometric recordings of penile erection showed measurable blood volume changes consistent with the hemodynamic events of this biological function. Blood volume per cent (BV%) increase correlated with clinical ratings of erection quality (P`0.001), penile rigidity measurements (P`0.005), and penile circumference increases (P`0.0001), and it correlated with mean peak systolic velocity measurements when BV% increase was restricted to values less than 50% (P`0.001). The time to reach half the maximum blood volume change (BV T 1 2 ) correlated directly with the time to reach half the maximum penile circumference size increase (P`0.001), whereas BV T 1 2 correlated inversely with mean resistive index measurements only when BV T 1 2 was restricted to values greater than 120 s (P`0.05). Spectrophotometric criteria consisting of BV % less than 35% and BV T 1 2 greater than 120 s af®rmed the diagnosis of severe erectile impairment with a similar degree of accuracy as standard ultrasonographic criteria (P`0.002). Penile near infrared spectrophotometry is a safe, inexpensive and simply used biomedical optics technique that provides quantitative measurements of the vascular physiology of penile erection and appears to offer clinical utility in the diagnosis of vasculogenic erectile dysfunction.
Introduction
Erectile dysfunction, de®ned as the consistent inability to attain and maintain penile erection suf®cient to permit satisfactory sexual intercourse, is a common disorder estimated to af¯ict between 10 and 18 million men in the United States. 1 Greater attention has been given to the disorder over the past decade, particularly as its clinical, psychological, and social associations have become increasingly recognized. Furthermore, major scienti®c breakthroughs have occurred in recent years that have fostered an improved understanding of the pathophysiology of erectile dysfunction and introduced well-grounded, ef®cacious forms of treatment.
The increasing awareness that vascular diseases or injury are associated with the majority of presentations of erectile dysfunction has led to the development and application of a wide range of vascular diagnostic tests. 2 These include penile brachial index, intracavernous pharmacologic testing, penile tumescence monitoring, color duplex ultrasonography, cavernosography and pharmacologic cavernosometry, penile scintigraphy, and selective pudendal arteriography. While each yields information of some diagnostic value, no single test has been uniformly accepted as the diagnostic modality of choice. To some extent for all, there exist various shortcomings such as: complex or inconsistent methodologies; equipment expense and inaccessibility; risks to patients to include invasiveness of the technique and exposure to radiation, radioisotopes or contrast dyes; and validation concerns, ie whether the test correctly assesses erectile performance. Because of these limitations, some specialists have indicated that many tests offer a limited range of clinical usefulness and should only be performed in select circumstances. 3 This perspective appears to have gained additional momentum particularly with advancing, new oral therapies that are readily dispensed to patients in an empirical fashion. However, an opposing view is that a minimally invasive, cost-effective, and simply administered test may still be of value in completing the appropriate evaluation of a patient with suspected vasculogenic erectile dysfunction and directing successful treatment. In support of this view, the National Institutes of Health recently issued a consensus panel statement proposing that`the development of methods to quantify the degree of erectile dysfunction objectively would be extremely useful in the assessment both of the problem and of treatment outcomes'. 1 This investigation was undertaken to evaluate near infrared spectrophotometry as an approach to study the vascular properties of the penis that pertain to erectile function and thereby explore a possible new diagnostic modality for assessing vasculogenic erectile dysfunction. Near infrared spectroscopy has emerged as a new technology within recent years for monitoring blood circulatory function and tissue metabolism non-invasively and safely. 4 It is based on the detection of spectral properties of hemoglobin and can provide information concerning both oxygen saturation and relative blood volume changes within the organ of interest. The technology differs from penile oximetry, which is restricted to evaluating oxygen delivery in organs based entirely on changes in arterial oxygen content. Near infrared spectroscopy more accurately describes the local oxygen utilization in organs that re¯ects the balance between oxygen delivery and oxygen consumption irrespective of the presence or magnitude of an arterial pulse. The technology has been used to detect and localize traumatic intracranial hematomas, 5 monitor cerebral oxygenation, 6 evaluate muscle metabolism during exercise, 7 and localize tumors in soft tissues such as the breast. 8 These applications suggested the feasibility of near infrared spectroscopy in studying the vascular physiology of penile erection and its additional role in the diagnosis of vasculogenic erectile dysfunction.
Materials and methods
Thirty-eight patients, 36 ± 72 y old (mean age 57) with erectile dysfunction considered for test dosing in our pharmacologic erection program and 18 volunteer subjects, 20 ± 35 y old (mean age 29) reporting normal erectile function comprised the study population. The study protocol was approved by the institutional review board of the Johns Hopkins Medical Institutions. All participants underwent a comprehensive screening evaluation including a clinical interview (consisting of sexual and medical history) and a physical examination. For patients, near infrared spectrophotometry was applied simultaneous with color duplex ultrasonography of the penis following intracavernous administration of 10 mg. Prostaglandin E1, as shown previously to be suitable for pharmacodynamic testing. 9 Penile duplex ultrasound parameters obtained prior to and up to 20 min after injection included peak systolic and end diastolic velocities in the left and right cavernous arteries (normal greater than 30 and less than 5 cm per sec in either cavernous artery, respectively). 10, 11 These parameters were also used to calculate mean resistive index, representing the difference between peak systolic velocity and end diastolic velocity, divided by peak systolic velocity (normal roughly greater than 0.8). Clinical assessment consisted of physician rating, subjectively determined by direct palpation and inspection of the penis (scored as: 1 no erection; 2 partial tumescence; 3 full tumescence; 4 rigidity suf®cient for intercourse; 5 maximal rigidity), and penile tonometry (measured as grams buckling pressure), performed immediately upon completion of the color duplex ultrasonography protocol. For volunteers, near infrared spectrophotometry was applied during visual sexual stimulation, consisting of private viewing of a 10 min videotape depicting erectogenic heterosexual activity. Testing was performed twice on each volunteer using two separate videotapes. The assessment included continuous penile circumference strain gauge monitoring; to minimize distractions, physician rating and penile tonometry at the time of maximal circumference increase were performed only during the ®rst testing session. Strain gauge monitoring indicated a normal response range when penile circumference increase was greater than 12 mm, sustained at 80% of maximum for greater than 3 min. 12 Near infrared spectrophotometry was conducted as a continuous recording using a specialized spectroscopic instrument constructed for attachment to the penis with an elasticized Velcro 1 strap. The instrument was modi®ed from the general purpose near infrared spectrophotometry device known as the RunMan 1 , designed and developed previously by NIM Incorporated. Near infrared radiation is unique in its ability to penetrate biological tissues, without causing pain or tissue injury and without in¯uence by skin pigmentation, while providing information regarding tissue hemodynamics. According to principles of near infrared Spectrophotometric diagnosis of erectile dysfunction AL Burnett et al technology, the major biological absorbant molecule in the 700 ± 900 nm wavelength window is hemoglobin, with differential maximal absorption strengths for its oxygenated and deoxygenated forms. 4 For the purpose of this investigation, the device contained an optical sensor probe consisting of one tungsten source lamp and one photodiode detector selective for wavelength 805 nm, known as the isosbestic point, whereby the light absorptions of deoxyhemoglobin and hemoglobin are equally strong and its measurement suf®ces as a blood volume indicator. The lateral distance separation between the source and detector was 2 cm, suf®cient for a mean penetration depth of about 1 cm into the penis, consistent with the curvilinear optical path requirement for photon diffusion in biological tissues according to re¯ectance geometry. 13 The setup for recording output signals for the RunMan 1 instrument involved a customized computer software program.
Prior to conducting clinical trials on erection in humans, performance characteristics of the probe were con®rmed using an in vitro model system. This system consisted of a conventional 50 ml plastic centrifuge tube containing 1% Intralipid 1 in 50 mM potassium phosphate buffer, pH 7.4, which simulated the geometry of the human penis and the photon scattering effects observed in biological tissues. With increasing amounts of blood added to the Intralipid ± buffer mixture, the near infrared light signal measured by the instrument decreased proportionately, consistent with absorption of an increasing percentage of the incident light by the increasing amount of hemoglobin and lowering of the re¯ectance signal. These studies con®rmed that blood volume increase is associated with a decrease in the optical signal measured by the instrument. The maximum change in signal extrapolated during an erectile response was expressed as a relative change in`blood volume per cent' (BV%). The blood volume change followed an approximate ®rst order time course and was expressed as the`time to reach half the maximum blood volume change' (BV T Data were analyzed statistically with Pearson's correlation coef®cient to measure the strength of the association between the spectrophotometric parameters and all clinical determinants. One-way analysis of variance was used to assess and compare statistical signi®cance of differences in penile erection hemodynamic results for de®ned clinical groups. Chi-squared analysis was used to assess statistical signi®cance for the agreement of diagnoses using penile color duplex ultrasonography and near infrared spectrophotometry. A value of P`0.05 was considered statistically signi®cant.
Results
Penile tumescence with attainment of erection was recorded as a decrease in the near infrared spectrophotometric signal, as expected for a relative blood volume increase. Detumescence with recovery of penile¯accidity was recorded as a trend reversibly towards the baseline near infrared signal, consistent with a relative blood volume decrease. These erectile events were elicited repeatedly during testing periods of volunteers in association with the rapidly alternating mode of erectile stimulation used in these subjects (Figure 1 ). Test ± retest reliability was statistically good, comparing BV% increase between ®rst and second test results in volunteer subjects (r 0.79, P 0.004). A comparative analysis was performed to identify possible correlations between near infrared spectrophotometric parameters and clinical determinants of erectile response. The relationship between BV% increase and subjective assessments of erection quality was statistically signi®cant (combining volunteer and patient results, r 0.41, P`0.001), as was the relationship between BV% increase and objective measurements of penile rigidity using tonometry (combining volunteer and patient results, r 0.41, P`0.005). The relationship between BV% increase and maximum penile circumference Spectrophotometric diagnosis of erectile dysfunction AL Burnett et al increase among volunteers was also statistically signi®cant (r 0.81, P`0.0001). The relationship between BV% increase (all values) and mean peak systolic velocity among patients was not statistically signi®cant (r 0.21, P 0.21). BV T 1 2 , indicative of the time course for the increase in blood volume, did not bear any correlation with clinical rating (r 0.31, P 0.23) or penile rigidity (r 0.22, P 0.10). However, there was a statistically signi®-cant correlation between BVT 1 2 and time to reach half the maximum penile circumference size increase among volunteer (r 0.91, P`0.001).
Reference standards representing levels of erectile impairment were tentatively determined for near infrared spectrophotometric parameters. Indexed according to normative criteria for strain gauge penile circumference measurements in volunteer subjects, BV% increase cut off values greater than 50% apparently represented an`adequate' response and those less than 35% likely represented aǹ inadequate' response ( Figure 2) . Consistent with this analysis, a statistically signi®cant correlation was demonstrated between BV% increase and mean peak systolic velocity among patients for the speci®ed range of BV% values less than 50% (r 0.75, P`0.001), a relationship which suggests that the subset of BV% values less than 35% roughly corresponds with subnormal peak systolic velocity measurements less than 30 cm per sec (Figure 3) . Cutoff values for BV T 1 2 were less determinative using strain gauge criteria since a considerable overlap was observed for`adequate' and`inadequate' responses; however, values less than 120 s presumably represented an`adequate' response ( Figure 4) . The estimation that prolonged BV T 1 2 values may represent`inadequate' erectile responses is consistent with the ®nding of an inverse correlation between prolonged BV T 1 2 values greater than 120 s and low mean resistive index among patients (r 0.63, P`0.05, Figure 5 ). These tentative cutoff values were then used to de®ne four erectile response groups: Group 1 (adequate) was de®ned as those individuals exhibiting a BV% increase greater than 50% and a BV T Table 1 ). The distribution of these results suggested differences in penile hemodynamic function in the ®rst three groups, exhibiting some`adequate' level of erectile function, compared with the fourth group having an`inadequate' level of erectile function. However, a statistically signi®cant difference was only demonstrated for a comparison between the marginally adequate group (Group 3) and the inadequate group (Group 4) (P`0.003), while all other comparisons between groups did not meet statistical signi®cance (P 0.091). Measurements of mean resistive index plus or minus standard deviation of 0.87 AE 0.12, 0.88 AE 0.13, 0.89 AE 0.20, and 0.79 AE 0.19 were calculated in the four groups, respectively ( Table 1 ). The distribution of these results also suggested that the penile hemodynamic function in the ®rst three groups differed from the fourth group, although all comparisons between groups did not reveal statistically signi®cant differences (P 0.497).
The overall diagnostic accuracy of near infrared spectrophotometry for patients with erectile dysfunction was evaluated by comparing diagnosis assignments made by near infrared spectrophotometry and color duplex ultrasonography. This analysis employed stringent cutoff levels referable to severe erectile impairment. For near infrared spectrophotometry an`adequate' diagnosis was accepted when the BV% was b35% or the BV T 1 2 was`120 s whereas an`adequate' diagnosis for color duplex ultrasonography required the mean peak systolic velocity to be b25 cm per sec or the mean resistive index to be b0.8. In the event that the results did not satisfy cutoff levels indicated for either technique, an`inadequate' diagnosis was rendered. According to these conditions, there was a statistically good agreement between`adequate' and`inadequate' diagnoses assigned by both techniques (w 2 13.5, P 0.002).
Discussion
The management of erectile dysfunction in the past decade has tended towards treatment administration based on a patient goal-directed approach, which invokes treatment selection based on patient preferences following a through discussion with a treating urologist regarding therapeutic options with minimal diagnostic testing. 14 The genesis for this approach relates largely to the rapid availability of minimally invasive treatment options in recent years. Recent outcome analyses of the goal-directed approach, however, indicate low patient satisfaction rates in part because commonly preferred therapies often prove ineffective without an understanding of the etiology and pathophysiology of many forms of erectile dysfunction. 15, 16 These results suggest that diagnostic efforts remain appropriate and should be practiced at a level that guides recommendations for successful treatment. With certain presentations such as the patient with severe vasculogenic erectile dysfunction who may be ultimately unresponsive to ®rst-line pharmacotherapeutic interventions, a diagnosis-based (pathogenesis-speci®c) treatment approach may ef®ciently yield optimal outcomes. 
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In this study, we demonstrated the feasibility of near infrared spectrophotometry to assess penile vascular physiology and explored its potential clinical application for the diagnosis of vasculogenic erectile dysfunction. With regard to our ®rst objective, we successfully adapted near infrared spectroscopic technology to evaluate hemodynamic phenomena in the penis. Several features of the penis suggested that it would serve as an ideal body part to carry out spectrophotometric studies. The organ is mainly external and thus readily accessible for instrumentation, and it presents a relatively basic geometry for equipping a simple, mechanical probe. The vascular characteristics of this organ with sinusoids situated at short distances from the skin surface favorably suit the optical physical requirements of this technology. Furthermore, the vascular basis for the biological function of the penis appeared suitable for technology designed for continuous monitoring of relative hemoglobin content. Experimental testing of this concept demonstrated that near infrared spectrophotometry precisely quanti®ed relative blood volume changes and the time courses for these changes in the penis consistent with the blood ®lling and emptying phases associated with erection physiology.
We secondarily sought to perform a preliminary investigation of the clinical applicability of near infrared spectrophotometry. Accordingly, we performed a series of penile near infrared spectrophotometry studies that involved both patients presenting with complaints of erectile dysfunction and volunteer subjects avowing normal erectile function. Our spectrophotometric ®ndings correlated signi®cantly with several commonly used clinical determinants of erection quality and corresponded well with results obtained using color duplex ultrasonography. The results from penile near infrared spectrophotometry shown during this early investigation suggest that it may be clinically useful for the practicing urologist. The appeal of this modality is further supported by its perceived advantages: low equipment cost, transportability, operator non-dependence, simple operation and data acquisition, and safety. In addition, near infrared spectroscopy conceivably offers a more global assessment of the vascular physiology of the penis than color duplex ultrasonography, which is concerned primarily with vascular characteristics of the main penile vascular conduits, the cavernous arteries. Penile near infrared spectrophotometry seemingly assesses the aggregate hemodynamic function of the cavernous arteries as well as accessory vascular components of the penis.
Despite these indications for the diagnostic role of penile near infrared spectrophotometry, the critical measure of the clinical utility of this technology rests on its ability to direct appropriate therapeutic management. In this regard, we extended our clinical application objectives to examine whether penile near infrared spectrophotometry accurately pro®les vasculogenic erectile dysfunction. Penile near infrared spectrophotometric parameters indexed according to strain gauge penile circumference normative criteria revealed that these parameters offer substantial diagnostic value, particularly with respect to the assignment of severe vasculogenic erectile dysfunction. Among the four erectile response groups de®ned on the basis of these parameters, only the`indequate' group consisting of patients with BV% cutoff values less than 35% exhibited a mean peak systolic velocity below 25 cm per sec, an ultrasonographic standard for severe arterial insuf®ciency. 10, 17 However, BV% values less than 50% may also be useful in clinical practice to suggest a mild degree of arteriogenic insuf®ciency, in accordance with the correlation we observed when comparing BV% values below 50% to peak systolic velocity measurements. As interestingly, the`inadequate' erectile response group also exhibited a mean resistive index below the ultrasonographic cutoff of 0.8, commonly associated with corporeal veno-occlusive dysfunction. 10 Correlations between low range BV% values and both ultrasonographically determined arteriogenic and venogenic criteria for vasculogenic erectile dysfunction implies that this determinant may suf®ce solely as the spectrophotometric basis for diagnosing severe penile hemo-dynamic dysfunction. BV T 1 2 appears to afford a less certain diagnostic value based on this investigation, although the inverse correlation between BV T 1 2 measurements b120 s and mean resistive index suggests that this spectrophotometric parameter at prolonged ranges might also support the diagnosis of veno-occlusive dysfunction. Our further analysis revealing an excellent diagnostic agreement between spectrophotometric and ultrasonographic criteria for severe erectile impairment lends further support to the potential clinical utility of penile near infrared spectrophotometry as a modality for diagnosing vasculogenic erectile dysfunction.
Assuredly, the diagnostic cutoffs for penile near infrared spectrophotometry remain tentative, and further investigation is required prior to determining whether this modality can really be used to delineate arterial in¯ow and venous out¯ow de®ciencies or otherwise acceptably establish overall cavernous dysfunction. The current results suggest that the technology at least applies to the latter role, with the implication that it suitably discerns erectile end-organ failure consisting of cavernous smooth muscle myopathy, collagen degenerative alterations as well as other structural or biochemical abnormalities yet to be fully described. Cavernous dysfunction, also referred to as corporeal capacitor dysfunction or corporeal veno-occlusive dysfunction, is manifest as a pattern of hemodynamic abnormalities that are critical enough to be poorly responsive to intraSpectrophotometric diagnosis of erectile dysfunction AL Burnett et al cavernous pharmacotherapeutic interventions. 18, 19 Thus, it is conceivable that one current diagnostic purpose of penile infrared spectrophotometry could be to predict which patients would or would not likely bene®t from ®rst-line pharmacological treatments for erectile dysfunction. Enthusiasm for penile near infrared spectrophotometry should be restrained in view of possible limitations associated with this technique. One concern is that its application, as for other erection monitoring techniques, presently requires methods of erectile stimulation that carry perceived shortcomings such as whether maximal stimulation has been applied and whether the elicited erectile response is consistent with a sexual context. We attempted to evaluate the basic technique employing a reasonable study design that enrolled both patients and volunteers and evaluated two different forms of erectile stimulation. Erectile responses were widely ranging in both groups, permitting their objective strati®ca-tion irrespective of subjective admission of erectile ability. Additional validation studies are underway which involve methods of stimulation applied uniformly among all study participants and other techniques, such as sleep-related penile tumescence evaluation with polysomnography, to reference erectile performance. Concerns that near infrared spectrophotometry remains unproven in discriminating exact etiologies of erectile dysfunction may also be better explored with planned additional studies. Conceivably, the technique will produce diagnostic ranges that identify psychogenicaneurogenic (non-vasculogenic), mild vasculogenic, and severe vasculogenic causes, a differentiation that may concur with currently available and future clinical treatment objectives. In forthcoming studies, design developments are expected that will improve the convenience of using this technique such as device autocalibration and software adaptations for both numeric and graphic data display.
Conclusions
In this report, we have described an initial investigation of near infrared spectroscopy applied to the penis as a novel technique to monitor the vascular features of the erectile process and as a potentially useful diagnostic modality for vasculogenic erectile dysfunction. The technique depicted blood volume changes that occur in the penis with stimulation of erectile responses, which resemble known hemodynamic events associated with erection physiology. These changes were quantitated spectrophotometrically and found to correlate well with various determinants in common clinical use to assess erectile performance. Preliminary results suggest that the spectrophotometric parameter indicating blood volume per cent increase may be particularly useful to characterize cavernous dysfunction. Further investigative work is needed to determine whether this technique has a role in categorizing etiologies of erectile dysfunction or identifying vascular patterns of erectile responses that may be useful diagnostically.
